The translational and rotational diffusion of a series of gold nanorods with low aspect ratio was investigated by dynamic light scattering (DLS). It is shown that the translational and the rotational diffusion coefficient can be determined because the particle shape causes an anisotropy of the polarizability. This gives rise to two clearly distinguishable relaxation modes in the time correlation function of the scattered light. The particle length and aspect ratio were determined independently by transmission electron microscopy (TEM). Using a hydrodynamic model, these geometrical parameters were converted to diffusion constants, which agree well with the values determined by DLS. Additionally it is possible to obtain an estimate of the particles aspect ratio from the amplitude ratio of the two relaxation modes.
Introduction
Metal nanoparticles have received a great deal of attention since the early times of Colloid Science, when Michael Faraday first observed the range of different colours that gold colloids display as a function of size [1] . Since then, a plethora of studies have dealt with the production and characterization of noble metal colloids in a wide range of sizes [2] [3] [4] , and for a variety of applications, including catalysis [5] , biolabelling [6] , biosensing [7] , optical switches [8] , among others. Only recently, variations in nanoparticle shape have been recognized as having a strong impact on their properties, which has motivated the development of synthetical methods for the preparation of particles with various geometries, such as rods [9] [10] [11] [12] [13] , wires [14] [15] [16] , prisms [17] [18] [19] [20] [21] , cubes [22] [23] [24] and other polyhedrons [25, 26] .
Most of these methods are based on wet chemistry reactions involving the reduction of metal salts and the adsorption of surfactants or other molecules, generally known as capping agents. The mechanisms directing the growth of particles with a particular geometry are still a matter of debate for most systems, but what is general is that they involve the growth of pre-existing nuclei in solution and this leads to a random process that implies that all particles are different, even in the most monodisperse samples. The characterization of the dimensions for such a variety of shapes is usually carried out using electron microscopy (EM), which implies the measurement of a large number (typically >100) of particles followed by averaging. This provides values for average dimensions and polydispersity (usually as standard deviation), but still is only representative of a limited population within the sample, and therefore may not provide the real size distribution of the whole sample. Additionally, EM measurements are carried out on dry samples, under vacuum and irradiating the specimen with high energy electron beams, which very likely affect the morphology and dimensions of the particles. We have been working on gold nanorods for several years now, with the objective to understand the mechanism underlying their formation [13, 27, 28] as well as to understand and manipulate their extremely interesting, surface plasmon-related optical properties [29] [30] [31] .
In this context, we have identified the need to apply alternative characterization techniques which overcome the mentioned drawbacks, i.e. techniques which probe a larger amount of particles, do not require solvent evaporation, and do not modify the particles themselves. Such requirements are fulfilled by scattering methods, which have been widely and successfully used for other colloidal systems. Among the various scattering techniques, light scattering is the one requiring a simpler setup and therefore it is available at many laboratories. However, its use to characterize metal colloids in general and gold nanorods in particular has not been very popular because of heating problems derived from absorption of the laser beam, limited applicability of the Rayleigh-Gans-Debye approximation, small particle sizes, and because models to analyze data for non-spherical particles seemed complicated. In the literature dealing with dynamic light scattering of rod like particles, very often the limiting case of rods with negligible anisotropy of the polarizability is considered, where different scenarios have to be applied depending on the rod length, L. For systems where the product of the scattering vector magnitude and rod length QL 5 a single-exponential decay of the correlation function of the scattered intensity g 2 (t) (ITCF) is expected, provided the rods are fairly monodisperse in length. In the case where QL > 10 additional relaxation modes are observed in the correlation function. However, these cases are not relevant for our systems, because (i) the anisotropy of the polarizability of gold nanorods is not negligible, especially for particles with low aspect ratio [33] , and (ii) the length of the rods in our case lies typically in the 50 nm range, i. e. QL 1. Nevertheless we clearly observed two relaxation modes in the ITCF. To our knowledge, two relaxation modes in the correlation function from rods smaller than 50 nm in length have been reported only once [34] , in a fluorescence correlation spectroscopy (FCS) experiment. However, in that case the relaxation times of the relaxation mode which is ascribed to the translational diffusion is larger by two orders of magnitude than in our case, even though the particles are of comparable size. We therefore conjecture that long time diffusion has been observed in that case, while we are investigating short time Brownian dynamics. Thus, the unexpected appearance of two relaxation modes requires a thorough analysis.
An expression for the time auto correlation function for the scattered field can be extracted from the seminal work by Pecora [35] , who showed that the spectral density of the scattered light can be expressed as the sum of an isotropic and an anisotropic contribution.
Fourier transforming the spectral density gives the time dependence of the field auto correlation function, from which g 2 (t) can be calculated using the Siegert relation. By non-linear least squares fitting of this expression to our experimental data we determined the averaged translational, D, and the rotational, D r , diffusion coefficient of the Au-rods. Further we could obtain an estimate of the particle aspect ratio from the relative amplitudes of the ITCF. The paper is structured as follows. We describe the Au-rod synthesis, as well as the data acquisition and analysis procedures in the experimental section, while the results from dynamic light scattering are discussed and compared to transmission electron microscopy (TEM) data in the results and discussion section. Finally we append a brief derivation of the expression for the ITCF for the non-expert reader. Milli-Q water with a resistivity higher than 18.2 MΩ×cm was used in all of the preparations.
Experimental
Optical characterization was carried out by UV-visible-NIR spectroscopy with a Cary 5000 UV-Vis-NIR spectrophotometer, using 10 mm path length quartz cuvettes. Transmission electron microscopy (TEM) images from all samples were obtained with a JEOL JEM 1010 transmission electron microscope operating at an acceleration voltage of 100 kV. In the series from Au-1 through Au-5, the average aspect ratio of the particles was found to increase from 4.2 to 5.5, as expected from the synthesis conditions. For the sample Au-6 the aspect ratio is 4.2 (see Table I ). Data analysis. For the particular case of small particles with cylindrical shape and nonnegligible anisotropy of the polaraizability, expressions for the normalized intensity autocorrelation functions measured in the V H-and V V -geometry are given by
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respectively. Here Γ = 2DQ 2 and ∆ = 12D r , while A + B = 1 (see apendix for details).
The parameters β and β describe the non-ideal dynamical contrast of the light scattering set up, and are slightly less than unity. According to eqs. 1 and 2 the standard procedure to determine D and D r is to plot the relaxation rate of g This has the further advantage that also the amplitudes of the two relaxation modes can be determined, which carry information on the aspect ratio of the particles. To achieve the highest possible reliability of the best fitting parameters, we applied a global fitting algorithm, in which we analyzed the complete set of of correlation functions obtained from one sample simultaneously. In his procedure A, D and D r were treated as global parameters, while β and β were allowed to vary between different correlation functions.
Results and Discussion
The choice of samples for the measurements was based on a compromise among various parameters. First, we intended to achieve a reasonably wide range of aspect ratios, and whenever possible of particle size. However, in order to avoid excessive absorption of the incident laser beam (647 nm), which would lead to significant local heating, the corresponding transverse and longitudinal surface plasmon absorption bands should be located below and above this wavelength, respectively. Another constraint was the need for the highest monodispersity achievable in practice, which is mainly restricted to aspect ratios below 6.
Since low aspect ratios would involve high absorption at the wavelength of interest and high aspect ratios lead to high polydispersity, we decided to concentrate on a relatively narrow range of aspect ratios between 4.2 and 5.5. As described in Table 1 , for aspect ratios be- Table I . In this table we also list the geometrical particle parameters, L and L/D cs obtained from the analysis of TEM micrographs. The deviations listed together with the data are reliability intervals from the fitting routine in case of the diffusion coefficients. In the case of the parameters from TEM they represent standard deviation of the distribution of the corresponding parameter. As a representative example we show a TEM-picture in Fig. 3 This micrograph shows that the rods have relatively narrow distribution both in length and aspect ratio, which is confirmed by the standard deviations of the corresponding distributions, which are in the range of 15 % for the length and about 10% for the aspect ratio. We also observe a small number of cubes, which is a general finding in these samples.
However, their relative amount is very low and thus they are not expected to contribute significantly to the global scattering of the sample. Therefore we will consider the rods to be monodisperse in the following discussion. A first approximation for the relation between geometrical parameters and diffusion constants of colloidal rods has been given by Brørsma [36, 37] , which however is sufficiently accurate only for rods with ln(L/d cs ) > 2.
Since this requirement is not fulfilled for our Au-rods, we chose to apply the expression by Ortega and de la Torre [38] 
Here C and C r are second order polynomials in d cs /L, the coefficients of which have been determined by fitting of numerical data.
These equations apply to our particles, because they were derived for the ranges of 2 < L/d cs < 20. In Table II that the translational diffusion coefficients were up to a factor of four smaller than those expected from the particles geometrical parameters. For the rotational diffusion coefficient the discrepancy could even amount to almost an order of magnitude. This discrepancy was assigned to the stabilizing polymer layer, which in this case had a thickness comparable to the particles cross sectional diameter.
In the present study we find agreement between the calculated and the experimental values within less than 20% for the rotational diffusion coefficient of the particles with an aspect ratio smaller than 5. Only for the two samples with the largest aspect ratios the discrepancy is ca. 30%. In the case of D the agreement is better than 15 % in most cases with a slight tendency to decrease with increasing aspect ratio of the rods. This is probably due to the fact that the theory by Ortega and Garcia de la Torre was devised for cylinders with flat base areas while our gold rods are more of spherocylindrical shape, as can be seen from Fig. 3 . Intuitively one would expect this effect to become smaller with increasing aspect ratio of the rods.
As mentioned above, it is possible to obtain information on the particle aspect ratio from the ratio of the relative amplitudes A/B of the two relaxation modes measured in V Vgeometry. This will be discussed in detail in the following. According to Pecora [35] the ratio of the amplitudes is related to the components of the polarizability tensor by
where denotes the direction parallel to the rod's long axis and ⊥ the direction normal to it. On the other hand, if the particle size is small compared to the wavelength, the dipole approximation applies [43] . In this case Rayleigh's theory [44] for the polarizability of ellipsoids is commonly used to estimate the polarizability of the rods [45] . Applying this approximation is necessary because there is no theoretical expression for rods available. According to Rayleigh, the polarizability of an ellipsoid in the direction of one of the symmetry axes is
where V is the volume of the ellipsoid, = + ı is the complex dielectric function of the ellipsoid material at a given wavelength, m is the dielectric constant of the solvent and j = or ⊥ denotes the axis of the ellipsoid. Note that the value of the dielectric function is the same for all axes and any anisotropy of the polarization is a mere geometrical effect which is due to the factors
for an ellipsoid of revolution, for which the two normal axes are equally long. The eccentricity of the ellipsoid is e = (1 − (b/a) 2 ) where a is the length of the rotation axis and b the length of the axis normal to that. To apply this formalism to approximate the properties of rods b/a has to be replaced by d cs /L.
Thus,the amplitude ratio of the ITCF can be related directly to the aspect ratio and the dielectric function of the particle. After some straight forward algebra one obtains
Here
and N = 2
With this expression we calculated the dependence of A/B on the particle aspect ratio, which is shown in Fig. 4 , together with the experimental data for A/B. For the values for the dielectric function of gold at λ 0 = 647 nm we used = −12.789 and = 1.116 [46] and for the solvent we took the value of water m = n 2 = 1.772. We find good qualitative agreement between the calculated curve and the experimental data points. Generally the theoretical curve is lying below the data points with an increasing deviation towards smaller aspect ratios. This is probably due to the approximation of the rods' polarizabilty, by that of an ellipsoid. As the anisotropy of the polarizabilty is only due to the particle shape, this approximation is expected to hold better for larger aspect ratios. Further, the single data point which is lying below the theoretical curve corresponds to the sample Au-6, which is significantly longer than the others. This might lead to reduction of A due to the influence of the particle form factor P (Q).
Generally the above calculations show that the amplitude of the relaxation mode which depends on the translational and the rotational diffusion coefficient, i. e. B become increasingly dominating with respect to A, if the particle aspect ratio exceeds a value of 10. This is obviously the reason why in the pioneering work by van der Zande et al [42] on dynamic light scattering of gold rods, a single relaxation process of the ITCF was observed. These authors had investigated only samples with L/d cs > 12 with dynamic light scattering. They refrained from DLS measurements of the rods with smaller aspect ratios because of the high polydispersity of their samples [47] .
Conclusions
The auto-correlation function of the scattered intensity recorded in V V -geometry from gold rods with small aspect ratio shows two distinct relaxation processes. Applying Pecora's expression for the correlation function we determined the translational and rotational diffu- MAT2004-02991. We thank Jan Dhont for helpful discussions.
Appendix: Time auto-correlation function, g 1 (t), of the scattered field.
In reference [35] Pecora showed that the spectral density of scattered light can be written as the sum of an isotropic and an anisotropic contribution I(Q, ω) = I iso (Q, ω) + I aniso (Q, ω).
With
and
where ρ is the particle number density, K is an optical contrast factor and α I = (2α ⊥ +α )/3. 
while the anisotropic contribution consists of a sum of five Lorentzians. For the particularly simple case of particles with cylindrical symmetry the latter reduces to
According to the Wiener-Khinchin theorem, the time auto-correlation function of the scattered light is related by a Fourier transformation to the spectral density, thus g 1 (t) = S iso (Q, t) + S aniso (Q, t).
Consequently, we get for the normalized field auto-correlation function in V V -geometry 
Applying the Siegert-relation gives the final expressions of eqs. 1 and 2 which we used as model functions for the analysis of our experimental data.
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